Abstract-Crystal calorimeter has traditionally played an important role in precision measurement of electrons and photons in high energy physics experiments. Recent interest in calorimeter technology extends its application to measurement of hadrons and jets with dual readout. Potential application of new generation scintillating crystals of high density and high light yield, such as LYSO, in high energy physics experiments is described. Candidate crystals for the homogeneous hadronic calorimeter concept are also discussed.
I. INTRODUCTION

T
Octal absorption shower counters made of inorganic crystal scintillators have been known for decades for their superb energy resolution and detection efficiency [1] . In high energy and nuclear physics, crystal calorimeters have been constructed, and their use has been a key factor in the successful physics programs of many experiments. The physics discovery potential of crystal calorimeter was early demonstrated by the Crystal Ball experiment through its study of radiative transitions and decays of the Charmonium family [2] . Figure 1 (Left) shows nearly all the principal radiative transition lines of the Charmonium system simultaneously measured by the NaI(Tl) crystal calorimeter. Fig. 1 . Left: An inclusive photon spectrum measured at the ¼ by the NaI(Tl) crystal calorimeter of the Crystal Ball experiment at SLAC [2] . Right: The expected background subtracted Higgs mass peak reconstructed from its two photon decays measured by the CMS PbWO crystal calorimeter [3] .
The designed goal of the CMS lead tungstate (PbWO ) crystal calorimeter [3] is to maximize its physics discovery potential in searching for narrow resonances in photon and electron final states at LHC. ability of the Higgs discovery via this decay channel is directly related to the energy resolution of the calorimeter. Crystal calorimeters have been constructed, and their use has been a key factor in the successful physics programs of many experiments. With proper calibration and monitoring, crystal calorimeters usually achieve their designed resolution in situ [4] . Figure 2 (Left) shows energy resolution as a function of the electron energy obtained with the L3 BGO calorimeter in the CERN test beam, which is in a good agreement with the resolution of Bhabha electrons reconstructed in situ at LEP, as shown in Figure 2 (Right). To achieve this resolution a radio frequency quadrupole accelerator based calibration technique was used [5] . Table I summarizes parameters of past and present crystal calorimeters in high energy physics. One notes that each of these calorimeters requires several cubic meters of high quality crystals. The most ambitious crystal calorimeter in Table I Fig. 3 . Left: The designed energy resolution of the CMS PbWO calorimeter and corresponding contributions is shown as a function of energy [3] . Right:
The energy resolution of two groups of 9 PbWO crystals is shown as function of electron energy obtained in the CMS ECAL beam test [6] . for the barrel, and ± Ô ¨¼ ±¨¼ (2) for the endcaps. Figure 3 (Left) shows the designed energy resolution as a function of energy for the CMS PbWO calorimeter. It can be decomposed to three contributions from photo-electron statistics (stochastic), intrinsic shower leakage (stochastic and constant) and readout noise (noise). Figure 3 (Right) shows the energy resolution as a function of electron energy measured in the CERN test beam for two groups of ¿ ¢ ¿ crystals, independent of their impact position on the crystal front face [6] . The measured resolution in the low and middle energy region agrees well with the designed resolution. At the high energy region, the measured energy resolution is better than the design values since there is no calibration uncertainty in the test beam data.
Recent interest in homogeneous crystal hadronic calorimeter extends its application to measurement of hadrons and jets with high resolution [7] . This detector concept adapts dual readout for both Cherenkov and scintillation light, which is extensively studied recently by the Dream collaboration [8] .
Section II of this paper describes optical and scintillation properties of heavy crystal scintillators commonly used in particle physics experiment. Fast and bright crystals discovered in the last two decades, such as cerium doped lutetium oxyorthosilicate (Lu ¾ (SiO )O or LSO) [9] , cerium doped lutetium yttrium oxyorthosilicate (Lu ¾´½ Üµ Y ¾Ü SiO , LYSO) [10] and cerium doped lanthanum tri-halides,e.g. LaCl ¿ and LaBr ¿ [11] are also covered. The expected performance of a LYSO electromagnetic calorimeter is elaborated in Section III. Section IV discusses candidate crystals for the homogeneous crystal hadronic calorimeter concept. Figure 5 shows a comparison of the transmittance, emission and excitation spectra as a function of wavelength for ten samples. The solid black dots in these plots are the theoretical limit of the transmittance, which was calculated by using corresponding refractive index as a function of wavelength taking into account multiple bounces between the two parallel end surfaces and assuming no internal absorption [13] . Most samples, except LaBr ¿ and LaCl ¿ , have their transmittance approaching the theoretical limits, indicating negligible internal absorption. The poor transmittance measured for LaBr ¿ and LaCl ¿ samples is probably due to scattering centers inside these samples.
II. PROPERTIES OF CRYSTAL SCINTILLATORS
It is interesting to note that BaF ¾ , BGO, NaI(Tl), CsI(Tl) and PbWO have their emission spectra well within the transparent region showing no obvious self-absorption effect. The UV absorption edge in the transmittance spectra of LSO, LYSO, CeF ¿ , LaBr ¿ and LaCl ¿ , however, cuts into the emission spectra and thus affects crystal's light output. This self-absorption effect is more seriously in long crystal samples used in high energy and nuclear physics experiment as extensively discussed for LSO and LYSO crystals [14] . Figure 6 shows the ½¿ Cs -ray pulse hight spectra measured by a Hamamatsu R1306 PMT with bi-alkali cathode for twelve crystal samples. Also shown in these figures are the corresponding FWHM energy resolution (E.R.). -ray spectroscopy with a few percents resolution is required to identify isotopes for the homeland security applications. It is clear that only LaBr ¿ approaches this requirement. All other crystals do not provide sufficient energy resolution at low energies. 0  100  200  300  400  500   0  3810  19  0  2210  42  0  2150  44  0  208  33  30  101 Since the quantum efficiency of the PMT used for the light output measurement is a function of wavelength, it should be Photonis PMT, XP2254B
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Hamamatsu PD, S2744 taken out to directly compare crystal's light output. Figure 8 shows typical quantum efficiency as a function of wavelength for a PMT with bi-alkali cathode (Hamamatsu R1306) and a PMT with multi-alkali cathode (Photonis 2254B), a Si APD (Hamamatsu S8664) and a Si PIN PD (Hamamatsu S2744). The emission spectra of LSO/LYSO, BGO and CsI(Tl) crystals are also shown in these figures. Table III summarized numerical result of the emission weighted average quantum efficiency for several readout devices. The light output values in Table II Scintillation light yield of crystals may also depends on the temperature. Fig 9 shows light output variations for twelve crystal samples between 15 AE C and 25 AE C. The corresponding temperature coefficients obtained from linear fits are also listed in the figure. The numerical result of these fits is also listed in Table II .
III. LYSO CRYSTAL ELECTROMAGNETIC CALORIMETER
Because of their board application in medical industry large size LSO and LYSO crystals with consistent optical and scintillation properties have been routinely grown [14] . Figure 11 shows the spectra of 0.51 MeV -rays from a ¾¾ Na source observed with coincidence triggers [14] . The readout devices used are a Hamamatsu R1306 PMT (Left) and 2 Hamamatsu S8664-55 APDs (Right). The FWHM resolution for the 0.51 MeV -ray with the PMT readout is about 12% to 13% for these long samples, which can be compared to 15% for the BGO sample. With APD readout, the -ray peaks are clearly visible. The energy equivalent readout noise was less than 40 keV for these long LSO and LYSO samples. LSO/LYSO crystals is also found to be much more radiation hard than other crystals commonly used in high energy and nuclear physics experiment, such as BGO, CsI(Tl) and PbWO [15] . Their scintillation mechanism is not damaged by -ray irradiation. Radiation damage in LSO and LYSO crystals recovers very slow under room temperature but can be completely cured by thermal annealing at 300 AE C for ten hours. The -ray induced readout noise was estimated to be about 0. with degradations of both the light output and transmittance at 10 to 15% level after -ray irradiation with an integrated dose of 1 Mrad. Assuming the same APD based readout scheme as the CMS PbWO calorimeter, the expected energy resolution of an LSO/LYSO crystal based electromagnetic calorimeter would be ¾± Ô ¨¼ ±¨¼ ¼¼½ (3) which represents a fast calorimeter over large dynamic range with low noise. Such calorimeter would provide great physics discovery potential for high energy physics experiments in the proposed super B factory [16] as well as the proposed International Linear Collider (ILC) [17] . Because of its fast scintillation and good radiation hardness LYSO crystals are also proposed for the CMS PbWO crystal endcap calorimeter upgrade at SLHC [18] .
IV. CRYSTAL HADRONIC CALORIMETER
Crystals have recently been proposed to construct a homogeneous calorimeter, including both electromagnetic and hadronic part [7] . This homogeneous hadronic calorimeter concept removes the traditional boundary between ECAL and HCAL, so eliminates the effect of dead materials in the middle of the hadronic shower development. It takes advantage of recently implemented dual readout approach to measure both Cherenkov and scintillation light to achieve good energy resolution for hadronic jets measurement [8] . Because of the un-precedent volume (70 to 100 m ¿ ) foreseen for such calorimeter [7] , the crystal material must be dense (to reduce the volume), UV transparent (to effective collecting the Cherenkov light) and allows a clear discrimination between the Cherenkov and scintillation light. Figure 13 (Left) shows samples of three ¢ ¢ cm ¿ crystal samples: PbF ¾ , BGO and PWO. Crystals of this size can be seen as typical building block for a crystal hadronic calorimeter. All material are dense (PbF ¾ has of a density of 7.7 g/cm ¿ ) with a nuclear interaction length about 22 cm. Mass production capability exists for all three candidate materials with cost among the lowest for materials of such density. Figure 13 (Right) shows the transmittance spectra of PbF ¾ (green), BGO (blue), PWO (red) and a UG11 filter (black) as a function of wavelength together with the Cherenkov emission spectrum (dashed blue). The UG 11 filter can be used Effective discrimination between Cherenkov and scintillation light can be realized by using optical filter. Figure 14 (Left) shows a set-up used to investigate Cherenkov light collection and its separation from the scintillation light. Cosmicrays were triggered by two finger counters with coincidence. The Cherenkov and scintillation light pulses generated by cosmic-rays were measured simultaneously by two Hamamatsu R2059 PMT coupled to the sample through optical filters UG11 and GG400. GG400 is a low-pass filter with cutoff at 400 nm. The UG11 filter is used to select the Cherenkov light as shown in Figure 13 (Right). The GG400 filter is used to select the scintillation light with small contamination of the Cherenkov light. The output of these two PMTs were digitized by an Agilent 6052A digital scope. Figure 14 (Middle and Right) shows the front edge of the scintillation light pulse from BGO and PWO, observed through the GG400 filter. Their delay from the trigger (Ø ) and rise time (Ø Ö ) are identical with numerical values of 6.2 ns and 1.9 ns respectively. Figure 15 shows the Cherenkov light pulse shape observed for PbF ¾ (Left), BGO (Middle) and PWO (Right) through the UG11 filter. All pulses have consistent time structure in the delay (6.1 ns), the rise time (1.8 ns), the fall time (4.2 ns) and the FWHM width (3.0 ns). It is interesting to note that there is no difference observed in the delay and rise time between the Cherenkov and scintillation light, indicating that only the light pulse width and fall time are useful for the discrimination between the Cherenkov and scintillation light. A slow scintillator may help this discrimination.
The ratio of Cherenkov versus scintillation light was measured to be 1.55% and 22% for BGO and PWO respectively. These values are consistent with the scintillation light yield shown in Table II (Right).
Development of cost-effective material is crucial for the homogeneous hadronic calorimeter concept. While BGO is the best material to be used for such calorimeter, R&D is actively pursued by the high energy physics community for additional materials. One approach is to develop PWO crystals with slow scintillation emission . Green (560 nm) and slow emission with a few sec decay time was observed by selective doping in PWO crystals [19] . Such crystals were reported to have a factor of ten more light than yttrium doped PWO crystals used in high energy physics experiment. This slow and green scintillation would be desirable for this application. Another approach is to develop scintillating PbF ¾ crystals by selective doping. Observations of fast scintillation in Gd or Eu doped PbF ¾ crystals were reported [20] , [21] . Our investigation shows that rear earth doping introduces scintillation in PbF ¾ , but not in the level can be measured by using -ray source. Figure 16 show the excitation, photo-luminescence and xluminescence spectra for Gd, Sm and Tb doped PbF ¾ crystal samples. It is noted that the scintillation of Sm and Tb doped PbF ¾ samples is between 500 to 600 nm, which is desirable for Cherenkov/scintillation discrimination. Investigation is continuing aiming at developing cost-effective materials for this concept.
V. SUMMARY
Precision crystal electromagnetic calorimeters have been an important part of high energy physics detector. In addition to the Panda PWO electromagnetic calorimeter at Fair, the availability of mass production capability of large size LSO and LYSO crystals provides an opportunity to build a LSO/LYSO crystal electromagnetic calorimeter with unprecedent energy resolution over a large dynamic range down to MeV level. Such calorimeter, if built, would greatly enhance the physics discovery potential for high energy and nuclear physics experiments in the next decade.
Recent interest in high energy physics community to pursue homogeneous hadronic calorimeter with dual readout opens a new area of crystal calorimetry to achieve good energy resolution for hadronic jets in the next decade. The main challenge for this concept is to develop cost effective heavy crystal scintillators with good UV transmission and excellent Cherenkov/scintillation discrimination.
